ABSTRACT: Background: Genetic disorders causing dystonia show great heterogeneity. Recent studies have suggested that next-generation sequencing techniques such as gene panel analysis can be effective in diagnosing heterogeneous conditions. The objective of this study was to investigate whether dystonia patients with a suspected genetic cause could benefit from the use of gene panel analysis. Methods: In this post hoc study, we describe gene panel analysis results of 61 dystonia patients (mean age, 31 years; 72% young onset) in our tertiary referral center. The panel covered 94 dystonia-associated genes. As comparison with a historic cohort was not possible because of the rapidly growing list of dystonia genes, we compared the diagnostic workup with and without gene panel analysis in the same patients. The workup without gene panel analysis (control group) included theoretical diagnostic strategies formulated by independent experts in the field, based on detailed case descriptions. The primary outcome measure was diagnostic yield; secondary measures were cost and duration of diagnostic workup. Results: Workup with gene panel analysis led to a confirmed molecular diagnosis in 14.8%, versus 7.4% in the control group (P 5 0.096). In the control group, on average 3 genes/case were requested. The mean costs were lower in the gene panel analysis group (e1822/ case) than in the controls (e2660/case). The duration of the workup was considerably shorter with gene panel analysis (28 vs 102 days). Conclusions: Gene panel analysis facilitates molecular diagnosis in complex cases of dystonia, with a good diagnostic yield (14.8%), a quicker diagnostic workup, and lower costs, representing a major improvement for patients and their families. V C 2017 International Parkinson and Movement Disorder Society
Dystonia is a movement disorder characterized by sustained or intermittent muscle contractions causing abnormal, often repetitive movements or postures, or both. Dystonic movements are typically patterned and twisting and may be tremulous. They are often initiated or worsened by voluntary action and associated with overflow muscle activation. 1 The clinical evaluation of a patient with dystonia is a stepwise process, beginning with classification of the dystonia characteristics according to the latest consensus criteria and recognition of the dystonia syndrome; this, in turn, may lead to a targeted etiological differential diagnosis. 2 There is a long list of causes of dystonia, 3, 4 whereas clinical clues for a genetic form include a positive family history and young onset in the absence of an acquired cause. 5 A complex clinical picture comprising both neurological and nonneurological features is considered an important clue for an inborn error of metabolism. 6 The genetic disorders associated with dystonia are often clinically heterogeneous, with milder or atypical phenotypes that may easily remain unrecognized. The diagnostic workup of dystonia can therefore be challenging and time consuming and poses a burden on patients and their families.
It has become possible to analyze thousands of genes simultaneously because next-generation sequencing (NGS) techniques have been introduced into clinical diagnostics. 6, 7 Several studies suggest that NGS diagnostic strategies can be particularly effective in diagnosing heterogeneous conditions, including movement disorders. [8] [9] [10] [11] One of these NGS techniques is targeted gene panel analysis (GPA), which comprises testing a preselected list (or panel) of genes. Compared with other NGS techniques, such as whole-genome and whole-exome sequencing, the cost of GPA is lower, and it provides higher coverage and fewer unsolicited findings. GPA is therefore a good strategy to scan panels of multiple candidate genes, and it is especially suitable for diagnostic purposes. 11, 12 Despite a strong tendency to advocate the advantages of NGS testing, there is no evidence as yet that NGS approaches perform better than conventional diagnostic strategies for dystonic patients in clinical practice. In cases with an easily recognizable, classical phenotype, NGS techniques have limited added value, so single gene testing is recommended. 9 However, in many dystonia cases in which several potentially causal genes are being considered, it is hypothesized that NGS strategies hold advantages like an earlier diagnosis, a higher diagnostic yield, and lower costs. 9, 11 This study therefore aimed to determine the possible benefits of using GPA for dystonia patients with a suspected genetic cause compared with a conventional diagnostic workup.
Materials and Methods

Patients
All patients in this study were referred to the tertiary Movement Disorders outpatient clinic of the University Medical Centre Groningen (the Netherlands) to establish the cause of their dystonia. In 2013 we introduced GPA of 94 dystonia-associated genes (Supplement 1) as part of routine clinical DNA diagnostic testing. Patients of all ages were consecutively enrolled in our study if they had isolated dystonia or dystonia as a main symptom, a clinical suspicion of a genetic cause, and genetic testing using GPA that was performed between December 2013 and April 2015. Clinical suspicion of a genetic cause was defined as the absence of clinical clues suggesting an acquired cause of dystonia 5 in combination with 1 or more of the following: onset of dystonia before the age of 40 years, a positive family history, dystonia combined with another movement disorder, co-occurrence of other unexplained neurological or systemic manifestations, paroxysmal dystonia, and laryngeal dystonia (also known as spasmodic dysphonia). Exclusion criteria were an acquired form of dystonia, no clinical suspicion of a genetic cause, and dystonia as a minor feature.
Of the 61 patients enrolled, 28 (46%) were male. Their mean age was 31.0 years (SD, 21.8 years; range, 1-73 years) on their first visit to our clinic. Forty-four of the patients (72%) had young-onset dystonia (starting before age 21 years). The patients' characteristics are summarized in Table 1 , and an overview of the clinical characteristics of each individual patient is provided in Supplement 2.
Gene Panel Analysis
The genes included in the dystonia GPA (Supplement 1) were selected based on a systematic literature review. 5 From the list of all genes associated with dystonia, genes reported only in single families/cases were not put on the diagnostic panel to reduce the potential number of variants needed to be interpreted by genome staff. Therefore, the unconfirmed candidate Academic referrals: these patients were referred to us from other tertiary centres
genes CACNA1B and CIZ1 were omitted from the list. Notably, the list of 94 genes of the gene panel excluded several dystonia-associated genes (for example the spinocerebellar ataxias genes) because GPA cannot detect repeat expansions and whole-exon duplications or deletions. GPA was offered to patients as a clinical diagnostic test, validated by the standards of the Dutch Society for Clinical Genetic Laboratory Diagnostics. 13 Also, the interpretation and letters reporting test results were based on these guidelines. All test results, including pathogenic variants and variants of unknown significance, were first discussed in a multidisciplinary meeting with neurologists, clinical geneticists, and genome laboratory staff. When the clinicians stated that a variant of unknown significance in a gene could explain the clinical phenotype, additional diagnostics steps were undertaken, such as array-comparative genomic hybridization (array-CGH), multiplex ligation-dependent probe amplification (MLPA) analysis for autosomal recessive disorders, or sequencing the DNA of the parents to detect de novo variants for dominant disorders. In some cases biochemical testing was done to confirm a diagnosis.
Study Design
We conducted a post hoc analysis by comparing the GPA study group with a theoretical control group without GPA. The primary outcome was the diagnostic yield, and secondary outcomes were the cost and duration of diagnostic workup.
As comparison with a historic cohort was not possible because of the rapidly growing list of dystonia genes, we compared the diagnostic workup with and without GPA in the same patients. Each patient in our study therefore served as his/her own control. We built up a theoretical situation in which independent experts in the field were twice asked to formulate a diagnostic strategy: first, based only on the detailed clinical case description including the results of brain MRI (part 1), and second, after we incorporated the results of further additional tests such as laboratory investigations and neuroimaging findings, except for the results of GPA (part 2).
The diagnostic yield obtained in the controls after part 2 was compared with the diagnostic yield obtained for the patients after GPA. The cost and duration of the diagnostic strategy for the controls in part 1 were compared with the cost and time required to perform the dystonia GPA. These study methods will be discussed in more detail below. Figure 1 gives an overview of the study design.
Diagnostic Evaluation With GPA
For the diagnostic workup in the study group, we followed our reported algorithm. 5 None of our 61 cases had any clinical clues of an acquired form of 
dystonia, neither in their clinical presentation nor on brain MRI. Biochemical diagnostics and a levodopa trial 5 were not included in the diagnostic workup in the study group, as GPA is quicker in our center (28 days). Therefore, the diagnostic workup in the study group consisted exclusively of GPA.
Diagnostic Evaluation Without GPA
For each case, we had a description of the clinical phenotype (comprising the patient's medical history, history of present illness, family history, medication use, physical and neurological examination findings, and results of the brain MRI). All case descriptions were reviewed by the treating physician to ensure they presented an accurate reflection of the clinical picture.
We asked 8 independent international experts to take part in our study (4 neurologists and 4 pediatric neurologists). Each case description was anonymized and randomly sent to 2 experts, who independently assessed the cases. We took into account the ages of the patients at the time of examination when sending the cases to pediatric or adult neurologists, using the age of 18 as the cutoff point.
Each case would be independently assessed by 2 experts, and, inevitably, both experts would have differences in their assessments. Therefore, we decided to consider each assessment separately, resulting in a control group of 122 assessments.
In part 1 (control group), the experts formulated their theoretical diagnostic workups and diagnostic guesses. The experts could request any additional tests they deemed necessary, including a levodopa trial and single gene testing, but they were not allowed to use any NGS techniques in their diagnostic workups. In part 2 the case descriptions were again given to the same experts, but now with the results of all the additional tests (serum, urine, cerebrospinal fluid analysis, muscle and skin biopsies, consultations with other medical specialists, neuroimaging, neurophysiological tests, and the levodopa trial if available), all this information was retrieved from the patients' medical records. However, the results of the dystonia GPA were not provided.
After part 2, the 2 experts reported their theoretical diagnostic strategies and diagnostic guesses, again independently. They could request any extra tests deemed necessary, except for NGS techniques.
Outcome Measures
We defined the diagnostic yield as the percentage of cases with a genetically confirmed diagnosis. The diagnostic yield of the dystonia GPA in the 61 cases of the study group was compared with the diagnostic yield of the 122 theoretical diagnostic strategies in the control group. The diagnostic yield of the control group without GPA was established by assessing whether the single gene testing requested by the experts would have led to the etiological diagnosis according to the results of the dystonia GPA.
We investigated the cost of performing the dystonia GPA at our center (study group) and also the cost of performing the diagnostic tests requested by the experts for the controls in part 1 (see Supplement 3).
To establish the duration of the diagnostic workup, we used standard reporting times for the diagnostic procedures in our clinic (see Supplement 3). In the study group, we defined the duration of a diagnostic workup as the time between requesting the dystonia GPA and receiving the results. In the control group (part 1), we determined the theoretical cost and theoretical duration of a diagnostic workup based on the experts' proposed strategies. To establish the duration, we considered the sequence of tests requested (simultaneous tests versus sequential tests). When an expert requested multiple simultaneous tests, only the test with the longest duration to generate a diagnostic report was taken into account. If the expert's strategy would have led to an etiological diagnosis halfway through the theoretical procedure, the cost and time frame of the remaining tests were not used in the analysis.
The use of brain MRI was not taken into account in analyzing both the study and control groups because we considered the MRI to be an indispensable part of both the conventional diagnostic workup (control group) and the workup with GPA (study group). 2, 5 Therefore, the results of the brain MRI were included in the clinical case descriptions in part 1.
Statistical Analysis
We used SPSS (version 22, IBM SPSS Statistics) for our analysis and the 1-sided Fisher's exact test (a 5 0.05) for our primary outcome. For the secondary outcomes, we described the mean and range of the cost and duration of the diagnostic workup with and without GPA. Comparison with Fisher's exact test was not possible for the secondary outcomes because of the fixed cost and fixed duration of GPA.
Results
Study Group: Diagnostic Workup With GPA
In a multidisciplinary meeting with neurologists, clinical geneticists, and genome laboratory staff, all GPA results were discussed including pathogenic variants and variants of unknown significance. Population frequencies and conflicting data regarding specific variants known in the literature were taken into consideration. In the series of patients included in this study, on average 0 to 2 variants of unknown significance were detected, and all were considered very unlikely to explain the phenotype. Therefore, additional
diagnostic steps such as array-CGH or MLPA analysis were believed to be unnecessary. A genetically confirmed cause of the dystonia was determined in 9 of 61 patients (14.8%) in the study group. The following diagnoses were made: DYT16 (PRKRA gene), Segawa syndrome (TH gene), glutaric aciduria type I (GCDH gene), Niemann-Pick type C (NPC1 gene), paroxysmal kinesigenic dyskinesia (PRRT2 gene) in 3 patients, and Rett syndrome (MECP2 gene) in 2 patients (Table 2 ).
Control Group: Diagnostic Workup
Without GPA
For the 122 control case descriptions, there were a total of 355 requests for gene tests on 66 different genes. On average, 3 single gene tests per case were requested by the experts. These led to identification of the genetic cause of the dystonia in 9 of 122 assessments (7.4%); see Table 2 .
Diagnostic Yield
The genetic diagnostic yield in the study group with GPA (14.8%) was higher than in the controls without GPA (7.4%), with statistical analysis tending toward but not reaching significance (P 5 0.096).
Cost and Duration of Diagnostic Workup
The cost of performing the dystonia GPA for one patient was e1822 (study group). An overview of the requested diagnostic tests in the control group is shown in Supplement 3. The sum total of costs of the diagnostic strategies in the controls was e 324,483, which was divided by 122, resulting in a mean cost for the diagnostic tests in the controls of e2660 per patient (SD, e2747; range e0 to e18,688). For an overview of the requested tests in the control group, see Supplement 3.
We performed a subanalysis to compare the cost of the diagnostic workup using only single gene testing in the control group with the cost of GPA. The cost of the workup with single gene testing alone was e2238 per patient (SD, e2444; range, e0 to e16,918), which is higher than the cost of GPA (e1822 per patient).
For the study group, the time frame between requesting the dystonia GPA and receiving the results was 28 days. The mean duration of the diagnostic workup in the controls was 102 days (SD, 66 days; range, 0-301 days).
The lower limit of the range of zero for cost and duration of the diagnostic workup in the control group was based on 1 case for whom one of the experts decided not to do any additional testing because of a presumed stationary encephalopathy. Suggestive yield means that our multidisciplinary team of clinicians and laboratory staff considered the results of genetic testing highly suggestive for a diagnosis, which often was confirmed afterwards by additional biochemical testing and/or molecular investigations of family members. With regard to case 1: the heterozygous mutation was considered causative based on reports of patients with heterozygous mutations in the PRKRA gene with a very similar phenotype, 14 and the patient had an excellent response on pallidal stimulation, which is in favor of an isolated dystonia such as DYT16. Concerning case 19: it was taken into account that more than 10% of TH mutations can be found in the promotor region of the TH gene 15 ; these mutations will not be detected in a gene panel strategy. Therefore, in this patient a lumbar puncture was performed, which showed low homovanillic acid in the cerebrospinal fluid, confirming the diagnosis of TH deficiency. Additional Supporting Information may be found in the online version of this article at the publisher's website.
This study shows that GPA facilitates molecular diagnosis in complex cases of dystonia, with a good diagnostic yield (14.8%), a quicker diagnostic workup, and lower costs.
In an ideal situation we would have set up a prospective cohort study; however, in such a study design, it would not be ethically justified to withhold the use of NGS diagnostics to patients in the control group. We considered using a historic control group, but using a historic cohort of dystonia patients would not be relevant, as the list of known dystonia genes has expanded rapidly. Therefore, we compared the diagnostic workup with and without GPA in the same patients: each patient in our study served as his/her own control. The study design reflects a pragmatic approach: we evaluated how dystonia diagnostics are performed in clinical practice, with the aim of helping clinicians to make an informed choice between the conventional diagnostic workup and a workup with GPA.
The use of GPA in dystonia diagnostics in this study increased the yield compared with the conventional workup, with statistical analysis tending toward but not reaching significance. This may be because of the relatively small group of patients.
Looking more closely at our results, we saw that particularly patients with an unusual or complex phenotype benefited from GPA, with disorders not considered in the initial differential diagnosis being identified. Below, we highlight 3 examples from our study.
First, a patient presented at the age of 44 years in whom GPA analysis demonstrated a GCDH gene mutation (glutaric acidemia type I). Second, a patient with adult-onset myoclonus who later developed dystonia in his sixties and proved to have Niemann-Pick type C disease. And third, a patient with motor developmental delay as a child developed rapidly progressive parkinsonism and multifocal dystonia at age 13 and was then found to have a TH (tyrosine hydroxylase) gene mutation. Importantly, all 3 disorders are treatable forms of inborn errors of metabolism, with an accurate diagnosis allowing prompt initiation of therapy. Our findings are in line with other studies that suggest that particularly patients with a nonspecific or atypical clinical presentation will most likely benefit from NGS diagnostics. [9] [10] [11] To our knowledge, this is the first study comparing the diagnostic yield of NGS techniques with conventional genetic techniques in diagnosing patients with dystonia, although other studies have compared NGS techniques with conventional genetic testing in other disorders, including movement disorders. 8, 9 Neveling and colleagues compared whole-exome sequencing (WES) with Sanger sequencing in patients with heterogeneous diseases, including movement disorders. 8 The use of WES in 50 patients with movement disorders (29 hereditary spastic paraplegia, 12 cerebellar ataxia, 9 dystonia) compared with Sanger sequencing in 953 patients with movement disorders: WES had a diagnostic yield of 20% versus 5% in the Sanger sequencing group. The diagnostic yield of NGS in movement disorders in the study of Neveling et al is higher (20%) than in our study (14.8%) . This can be explained by differences in the patient population tested and a different study design, but another reason may lie in GPA being restricted to preselected genes only, in contrast to WES. However, when we designed our study, we opted for GPA, as the genetic coverage (sequencing depth) was higher than with other forms of NGS, at lower cost and with fewer variants to be interpreted and unsolicited findings.
Notably, the patients included in our study were all tertiary referrals, and 16 of them (26%) were referred to us from other tertiary centers (Table 1) . As a consequence, our study population comprised many complex cases, which is reflected in the proportion of cases who remained undiagnosed even after GPA. This is in line with other GPA studies with highly selective patient populations. 12, 16 In heterogeneous disorders in which several potential genes are considered, the hypothesized advantages of NGS strategies are not only a higher diagnostic yield, but also an earlier diagnosis and lower costs. However, there is little published data relating to the cost-effectiveness of NGS technologies to date. 17, 18 In our study, the mean costs were lower in the GPA group (e1822/case) than in the controls (e2660/case), and the cost incurred per expert varied greatly (range, e0 to more than e18,988). This illustrates the very different diagnostic strategies used by individual experts. One possible explanation is the variability in costs, budgets, and availability of diagnostic procedures between centers and countries, leading to different daily routines of clinicians. The cases with the highest costs were those with the most complex phenotypes, in which the cost-effectiveness of GPA can be highest. This is consistent with the cost-effectiveness of WES recently demonstrated in complex cases in a pediatric cohort with heterogeneous disorders. 18 The duration of the diagnostic workup with GPA was considerably shorter than the mean duration of the conventional workup in the control group (28 vs 102 days). The duration in the control group is likely to be underestimated, as in clinical practice there is usually a delay between receiving the results of investigations, obtaining patient consent for the next diagnostic test, and requesting the next test. Furthermore, it has been shown in other studies that the diagnostic workup for dystonia patients may require many years. 5, 19 The reason for the relatively short duration of the diagnostic workup in the control group of our
study is probably the involvement of highly experienced dystonia experts. A quicker diagnostic workup in the GPA group compared with the conventional workup is a relevant finding because the diagnostic odyssey is costly in terms of health care resources and poses a burden on the patient and his/her family. 20 In addition, diagnostic delays can have major implications with regard to potential therapies and avoiding unnecessary investigations.
In conclusion, our results show that GPA facilitates molecular diagnosis in complex cases of dystonia, with a good diagnostic yield, a quicker diagnostic workup, and lower costs, representing a major improvement for patients and their families. However, as Hennekam and Biesecker clearly stated, NGS and computers will not magically make diagnoses for us. 21 Careful clinical evaluation of the patient remains fundamental, and NGS should not replace deep clinical phenotyping. As evident from our study, Sanger sequencing of the candidate gene will often lead to a diagnosis in cases with a classical phenotype. In patients with complex and unusual phenotypes, careful clinical evaluation remains as important as ever; however, in these cases there will be a shift from a pre-NGS-test differential diagnostic mode to a post-NGS-test diagnostic assessment mode. 21 In line with this, a user-friendly and expandable online tool has been developed to help movement disorder clinicians to link NGS test results to the clinical and phenotypic data of the individual patient. 22 In the near future, NGS techniques will become increasingly incorporated into our daily clinical routines. Here we choose to use a targeted gene panel analysis, but WES coverage has improved significantly over time at much lower costs, making it more accessible for routine diagnostic purposes. With these advances in WES, it will become easier to keep diagnostic tests up to date with the rapidly expanding lists of genes associated with dystonia, but also to have the possibility of unraveling novel dystonia-associated genes. For heterogeneous disorders such as dystonia, these developments will lead to earlier etiological diagnosis in a higher proportion of cases.
